The volume of a quenched glassy alloy is a variable of cooling rates during the amorphization. Hence a change in the volume caused by the structural relaxation can be regarded as a degree of amorphousness. The density of Zr 50 Cu 40 Al 10 bulk glassy alloys (BGAs) increases linearly with the annealing temperature below the glass-transition temperature (T g ). With increasing the annealing temperature, the tensile strength and Vickers hardness show constant values, whereas the Young's moduli and Charpy impact values become larger and smaller, respectively. Especially, Charpy impact values of Zr-Cu-Al BGAs have a linear relationship with the relative value of excessive free volume, which correspond to the volume-change ratio caused by the full structural relaxation.
Introduction
Glassy alloys have two distinct features: the glassy structure and metallic bonding. One of the interesting characteristics of glassy alloys is the mechanical property because a glassy alloy exhibits a ductile metallic bonding and non-periodic structure. Crystalline metals can exhibit a superior plasticity even at room temperature by the systematic dislocation movement. The deformation of crystalline metals can be roughly recognized by the Peierls stress, which is the minimum stress to move an operable dislocation. Therefore, elastic limits of crystalline metals can be allowed by a control of dislocation movements, whereas Young's moduli do not change. On the other hand, a glassy alloy can deform by overall atomic movements even at room temperature because no dislocation exists. The deformation mechanism of glassy alloys is, thus, achieved by a unique adiabatic shear-band operation. 1) Microscopic fracture-surface images show a vein pattern, which is caused by a pseudo-melting state 2) in the shear band. Therefore, one-shear band movement leads to a final fracture with little uniform plastic deformation. However, the elastic limit of ductile glassy alloys is usually about 2% in strain. 3) This trend means that the initiation of the shear-band formation is probably determined by the macroscopic strain condition. Therefore, the lack of the uniform deformability of glassy alloys could limit toughness 4) since the final fracture might occur before the elastic strain reaches 2%. The structural relaxation probably causes the lack of the uniform deformability.
Recently, a certain kind of glassy alloys have been found to exhibit a very high glass-forming ability, 5) which enables the production of bulk-shaped samples by a conventional metallic mold casting process. Inoue et al. have succeeded for the first time in synthesizing bulk glassy alloys (BGAs) in Ln-, 6) Mg- 7) and Zr- 8) based alloy systems without metalloid elements by copper mold-casting methods. These groups of alloys have been regarded as a new category of bulk metallic materials. Especially, Zr-based glassy alloys exhibit a good glass-forming ability, high strength and ductility. The Zrbased BGAs were fabricated in Zr-Al-Ni, 8) Zr-Ni-Al, 8) ZrAl-Ni-Cu, 9) and Zr-(Ti,Nb)-Al-Ni-Cu 10) systems for the first several years, which were, then, followed by other Zrbased systems such as Zr-Ti-Be-Ni-Cu, 11) Zr-(Pd,Ta)-AlNi-Cu 12) and Zr-Al-Be-Ni-Cu. 13) These Zr-based BGAs exhibit high tensile strengths of 1,500-1,900 MPa, and have been used as sporting goods materials and connection tubes for optical communication fibers. [14] [15] [16] [17] Before the development of Zr-based glassy alloys, there exist no materials, which have high strengths 18) over 1,500 MPa and toughness 19) over 45 MPam 0:5 in the as-cast state. The good mechanical properties make Zr-based glassy alloys particularly attractive, and the above-described applications were brought about by the use of unique casting techniques. [20] [21] [22] Especially, Zr 50 Cu 40 Al 10 BGA, 23) whose composition is close to the ternary eutectic point, is known to exhibit a high glass-forming ability and superior mechanical properties. Therefore, we used this composition as a basic alloy in this study.
While bulk-shaped glassy alloys have yielded new application areas as specified structural materials, 24, 25) much attention has been paid to cast defects 26, 27) in BGAs. For example, crystalline inclusions, which act as crack-initiation sites and enhance crack propagation during the fatigue test, should be removed to improve intrinsic features of BGAs. In other words, mechanical properties of cast BGAs often depend on the quality of the cast structure, which can be controlled by a range of melting and casting methods. Furthermore, even for an as-cast sample having a single glass phase, its amorphous structure can be a sensitive function of composition and cooling rates. The difference in the glass structure is, thus, considered as the degree of amorphousness, which can be quantified and measured by parameters, such as the fictive temperature, volume change, and so on. In this paper, the volume changes are normalized by a fictive solid Zr-Cu-Al solution with a close-packed structure. The volume change was calculated by the volume expansion ratio, which is regarded as a relative value of the free volume in this paper. In this regard, the free volume is an effective concept to express the degree of amorphousness caused by the expansion or shrinkage of a glass structure. A large sized BGA has a possibility of embrittlement because of much lower cooling rates. Some paper reported that the embrittlement phenomena in some amorphous alloys by the structural relaxation without any crystalline phase precipitation. 28, 29) The embrittlement by the structural relaxation is originated from the intrinsic glass structural change, which is considered as the development of a reversible relaxed structure and annihilation of the disordered atomic configuration.
30) The structural relaxation is also influenced by other physical properties. 31) Consequently, the determination the amorphousness quality of BGAs is an important study to improve mechanical and functional properties.
The aim of this paper is to elucidate the relationships among thermal, mechanical, and structural features of ZrCu-Al BGAs, and to reveal the origin of strength and toughness in the glass structure. We also examine the compositional dependence of volume changes of glass structures.
Experimental Procedure
Master-alloy ingots of ternary Zr-Cu-Al alloys were prepared by arc-melting mixtures of pure Zr, Cu and Al metals in an argon atmosphere. To maintain a low-oxygen concentration in the alloys, we used a special Zr crystal rod with the oxygen concentration less than 0.05 atomic percent (at%). Zr-Cu-Al BGAs were cast into rod-shaped specimens with 8 mm in diameter and 60 mm in length by the tilt-casting technique. This casting method has an advantage of preventing a molten alloy flow from forming cold shuts, which are likely to induce crack initiation and propagation. Densities at the same rod-shaped samples (8 Â 20 mm) were measured by an Archimedes method. The fluid used in the Archimedes method was purified water. Cold rolling was performed to introduce the shear bands and to observe the morphology change after annealing below T g . The thermal stability of the cast glassy samples was measured using the differential scanning calorimetry (DSC) with a heating rate of 0.167 K/s. We examined the cast structure by the optical microscopy (OM) and scanning-microscopy (SEM) to confirm the quality of glassy states. The phase characterization and crystalline ratio were examined by the X-ray diffractometry. Tensile tests were conducted to estimate tensile strengths and Young's moduli using an Instron 5582 type testing machine. Vickers hardness was measured using a micro Vickers testing machine. Charpy impact tests were also done in air using a special sample size, 55 mm long, 10 mm wide, and 5 mm thick. The samples were U-notched to a 2 mm depth.
Results and Discussion
The high glass-forming ability of Zr-Cu-Al glassy alloys enables the removal of the size restriction of previous amorphous alloys. However, large size glassy alloys sometimes exhibit significant drawbacks, such as the embrittlement, due to the structural relaxation caused by an insufficient cooling rate. Figure 1 schematically shows volume changes during a cooling process from the liquid to glassy or crystalline states. In the case of a high cooling rate (R 1 ), the solidification starts at a high glass-transition temperature (T g1 ), and a large amount of free volumes are frozen in. In contrast, with a low cooling rate (R 2 ), the solidification starts at a lower glass-transition temperature (T g2 ), and the resulting frozen BGAs exhibit a slightly smaller volume, typically about 0.5%. This reduction in the volume is regarded as the structural relaxation. Therefore, cast BGA specimens with the same composition have the possibility to display different densities and properties. The density of cast BGAs can also be changed with crystalline inclusions, i.e., as-cast defects. Figure 2 presents a relationship between crystalline ratios and densities of cast Zr 50 Cu 40 Al 10 BGAs with different melting and casting conditions of. With a decrease in the glass formability, the crystalline ratio increases, which correlates with an increase of the density from 6.86 to 6.91 g/cm 3 . During this transition, 3 crystalline inclusions were formed, and, then, the Zr 2 Cu crystalline phase was formed. It should also be pointed out, however, that even single glassy alloys have a wide density range from 6.825 to 6.86 g/cm 3 . The density value of 6.825 g/cm 3 for the 8 mm rod-shape cast Zr 50 Cu 40 Al 10 BGAs is an optimum value, which can be realized by the control of melting and casting conditions. Therefore, we employed the Zr 50 Cu 40 Al 10 BGAs with a density value of 6.825 g/cm 3 , a standard value in this study.
The structural relaxation is also achieved by a past annealing process below the glass-transition temperature (T g ). flow between the solid and broken curves below T g suggests that structural relaxation has taken place. Concurrently, it also means that the structural relaxation is closely related to the enthalpy decrease by the volume shrinkage. In order to control the degree of the structural relaxation, annealing temperatures were selected as 473, 573, and 673 K. Figure 4 demonstrates changes in densities of Zr 50 Cu 40 Al 10 BGAs as a function of the annealing time at 473, 573, and 673 K. Each of these curves shows a saturated density value. The lower annealing temperature is responsible for the low density and the higher annealing temperature is responsible for the high density. Consequently, a BGA with the same composition but with a different degree of structural relaxation as manifested by the irreversible volume shrinkage, which is usually accompanied with an exothermic heat, is originated from the structural transition of many intermediate states from ascast to fully-relaxed states. The volume shrinkage with the structural relaxation is also examined by the X-ray diffractometry. Figure 5 shows the Xray diffraction spectra of as-cast and annealed Zr 50 Cu 40 Al 10 BGAs. The 2 values of halo peaks and volume changes estimated from them are shown in this figure. Thus, the volume shrinkage can also be qualitatively recognized by the X-ray diffraction data, even though the values probably contain some accidental errors. In order to determine the volume shrinkage in detail, the density of as-cast and annealed samples of Zr 50 Cu 40 Al 10 BGAs were measured by the Archimedes method, as presented in Fig. 6 . The annealing time is fixed at 3.6 ks, which is sufficient to obtain saturated density values at several annealing temperatures, as exhibited in Fig. 4 . This figure demonstrates that the density and annealing temperature possess a good linear relationship. Therefore, we can estimate the density of the fully-relaxed state by extrapolating the density to T g .
The structural relaxation, which is considered as a glass structure change with the volume shrinkage, can be related to certain physical properties of the glassy alloys. Figure 7 shows tensile strengths and Vickers hardnesses against the annealing temperature. Both of them do not change with the Fig. 2 The relationship between the crystallization ratio and density of cast Zr 50 Cu 40 Al 10 alloys with several casting conditions. annealing temperature. However, the tensile strength of the 673 K annealed samples demonstrates a slight decrease within a margin of error. Some 673 K annealed samples show a vertical fracture surface with respect to the tensile direction, whereas the annealed samples below 673 K usually show a shear-slip fracture surface after tensile testing. This observation suggests that the decrease of the tensile strength of the 673 K annealed sample is caused by a change in fracture mechanisms due to the embrittlement by the structural relaxation. Thus, in general, static mechanical properties, such as the tensile strength and Vickers hardness, which are recognized as structure-sensitive properties in ordinary crystalline materials, are unalterable against the annealing below T g . However, Young's modulus significantly increases with increasing the annealing temperature. Figure 8 suggests that Young's modulus increases about 5.6% with increasing the annealing temperature from 473 to 673 K. The Young's modulus, which is recognized as nonstructural sensitive properties in ordinary crystalline materials, changed by the structural relaxation for about a maximum value of 10%. In general, Young's modulus change of irons/steels is about a few percents during phase transitions from the bcc ferrite to fcc austenite. Accordingly, Young's modulus is probably a structure-sensitive property in glassy alloys. Since the tensile strength exhibits almost a constant value, the increase of Young's modulus by the structural relaxation causes the decrease of the fracture strain. Therefore, in some cases, the structural relaxation brings about the embrittlement. Figure 9 presents a relationship between the U-notched Charpy impact value and annealing temperature. The U-notched Charpy impact values dramatically decrease about 40% with increasing the annealing temperature from 473 to 673 K. As a result, the structural relaxation brings about the fatal embrittlement of Zr 50 Cu 40 Al 10 BGAs. In other word, the toughness of cast Zr 50 Cu 40 Al 10 BGAs can be estimated by Young's modulus and density in a way similar to a nondestructive test. The aforementioned density changes of the annealed samples arise from the structural relaxation, which can be regarded as the volume shrinkage during the annealing. We can roughly estimate the glass-structure change of BGAs by the volume change. Apart from the structural relaxation, the glass structure can also be changed by the compositional change. A fictional Zr, Cu, and Al solution alloy with a closepacked structure, which was used as a standard of a crystalline phase to determine the free volumes of as-cast and relaxed glass structures. In this study, we define the free volume to be a volume-expansion ratio of the glassy phase minus the fictive crystalline phase to the fictive crystalline phase. Since the free volume is a degree of the expansion from the standard fictive solution, it probably takes a range from 0% (like a highly dense crystal) to 5% (like a liquid). Furthermore, by using the fictive ideal solutions, glassstructure changes with alloy composition is emphasized, whereas the value of the free volume is not an absolute value but an apparent relative value. Accordingly, the free volume for the amorphization is, thus, estimated by the volume expansion ratio of the fully-relaxed glassy alloy. Since the preparation of fully-relaxed BGAs is quite difficult, we estimate the density of the fully relaxed state by extrapolating the density to T g in Fig. 6 . The total free volume is also estimated by the volume expansion ratio of the as-cast glassy alloy. Therefore, the excessive free volume can be estimated by the difference between the total free volume and free volume for amorphization. Figure 10 shows the compositional dependence of the (a) total free volume, (b) free volume for amorphization, and (c) excessive free volume of the rod-shaped cast (8 Â 60 mm) Zr-Cu-Al BGAs. We can see that all the free volumes have a maximum point at the composition of the ternary eutectic point of Zr 50 Cu 40 Al 10 . This trend suggests that ternary eutectic glassy alloys might have a unique glass structure to increase the free volume. However, the compositional dependence of free volumes around the ternary eutectic composition is quite different. Namely, in the case of the total and amorphization free volumes, they decrease with the Al concentration around the binary eutectic line (Al ¼ 10 at%). In the case of the excessive free volume, however, it increases with the Al concentration around the binary eutectic line (Al ¼ 10 at%). This behavior is quite similar to that of Charpy impact values, as shown in Fig. 10(d) . The relationship between Charpy impact values and excessive free volumes is shown in Fig. 11 . The correlation function is about 0.9 with a linear relationship. Since Charpy impact testing requires an immediate release of an applied impact stress, this ability is a sensitive function of the degree of the stress accommodation. Since the excessive free volume is probably composed of thermally unstable voids and/or vacancies, atoms surrounding the void are probably easy to move. This flexibility of atom movements around excessive free volumes means the superior stress accommodation. Consequently, the excessive free volume is one of the significant structural parameters to influence the toughness of glassy alloys. The distribution of excessive free volume is also an important factor for affecting mechanical properties. For example, the initiation and propagation of a shear band influence the mechanical properties of glassy alloys at room temperature. If glassy alloys are homogeneous elastic-plastic materials, there would be no reason to explain wiggly morphology of shear bands. In reality, however, the morphology of shear bands is not linear but slightly wavy with a long period. This observation indicates that a BGA does not possess a completely homogeneous structure. We can further suggest that the inhomogeneity of glass structures is originated from the inhomogeneity of the free-volume distribution. Since the wavy curved shear bands can restrict the shear-slip displacement, some BGAs exhibit a large plastic deformation under the compression load. In the case of tensile testing, we can obtain the plastic tensile elongation 32) by controlling the cross shear-band structure in cold rolled BGAs to interrupt each shear-bands operation. In order to fabricate ductile BGAs, controlling shear-bands slip is an important factor to prevent the final fracture of a large shear slip. Cold rolling of annealed Zr 50 Cu 40 Al 10 BGAs was performed to observe morphological changes with annealing temperature. Figure 12 shows side-view SEM images of 10% cold-rolled Zr 50 Cu 40 Al 10 BGAs after the annealing treatment. The cold-rolled structure of BGAs is characterized by the fine multi-layered structure of shear bands, which were introduced along the shear direction, about 45 degree from the rolling direction (R.D). Since the cold-rolled BGAs samples were rolled up to 10%, the angle between shear bands and R.D. is not 45 degree. It should also be pointed out that the 723 K annealed BGA could not be cold rolled. The annealing treatment over T g caused the Zr 50 Cu 40 Al 10 BGA to have a significant embrittlement. Figure 13 presents the effect of annealing on the density and curvature of shear bands of cold-rolled samples. The density of shear bands is slightly increased with increasing the annealing temperature, and saturated above T a ¼ 573 K. The increase of the shearbands density is probably caused by the severe surface roughness (with embrittlement and/or surface oxidization) rewrite this phrase. The most important point in this figure is the significant decrease of the curvature of shear bands by annealing. In other words, wavy curved shear bands might be originated from the inhomogeneous distribution of excessive free volumes in BGAs. Accordingly, the decrease of the excessive free volume with increasing the annealing temperature transforms the wavy curved shear band to linear one. The excessive free volume, which is considered as the origin of the toughness of glassy alloys, might be distributed inhomogeneously with a large scale (on a mm-scale).
Measurements of the structural fluctuation with a large scale in BGAs will be necessary for a sound evaluation of glass structures, which affect mechanical properties.
Summary
In order to clarify the relationship between the glass structure and mechanical properties, we examined the density of Zr 50 Cu 40 Al 10 glassy alloys, studied tensile, Charpy impact, Vickers hardness and cold-rolling behaviors. The change in the glass structure is evaluated by free volumes. The results obtained are summarized below.
(1) The density of Zr 50 Cu 40 Al 10 BGA increases linearly with increasing the annealing temperature. 
